In vitro interaction of the pigeonpea wilt pathogen Fusarium udum and a biocontrol strain of Bacillus subtilis AF 1 showed that the fungus forms chlamydospore-like structures and increases vacuolation, when both cultures are simultaneously inoculated into potato dextrose broth. If B. subtilis AF 1 was inoculated after 24 h of growth of F. udum, chlamydospores were not formed and regular conidiation was observed. The growth of F. udum was significantly affected in the presence of AF 1 in terms of dry weight. Extracellular proteins of B. subtilis AF 1 reduced the growth of F. udum in proportion to the concentration of the protein precipitate. Cell-free filtrates of B. subtilis AF 1 prepared from chitin-containing medium showed chitinase activity. The formation of chlamydospore-like structures and vacuolated portions in mycelium of F. udum in the presence of AF 1 suggests that F. udum has a mechanism to tolerate mycolytic activity and grows slowly with regular conidiation. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
The bacteria that provide bene¢t to plants are of two general types, those that form a symbiotic relationship with the plant and those that are free-living in the soil, but are often found near, on, or even within the roots of plants. While symbiotic bacteria have been studied extensively, the bene¢cial free-living soil bacteria have received attention only since the report of Kloepper and Schroth [1] . Such bene¢cial bacteria are usually termed plant growth-promoting rhizobacteria (PGPR) [2] , or yield-increasing bacteria (YIB) [3] . A number of di¡erent bacteria including bacilli have been considered to be PGPR [4] . Bacillus subtilis has been used for many years in attempts to control plant pathogens and increase plant growth. Seed treatments with B. subtilis have since been shown to control various diseases in a variety of crops [5] . B. subtilis obtained from lysed mycelium of Sclerotium rolfsii has been particularly useful in increasing yields and stimulating plant growth [6] . B. subtilis AF 1 is inhibitory to several fungal pathogens [7] , promotes growth and nodulation [8, 9] , and causes extensive lysis of Aspergillus niger [10] .
A major mechanism involved in the biological control of plant pathogens is parasitism via degradation of the cell wall. Chitin, the unbranched homopolymer of N-acetyl glucosamine in a L-1,4 linkage, is a structural component of cell walls in most of the fungi (other than oomycetes). Chitinases which hydrolyse this polymer are produced by various organisms and have been implicated in the biocontrol process. The mycolytic activity of antagonists could be mainly due to the lytic enzymes 1,3-L-glucanase and chitinase [11, 12] .
Wilt disease caused by Fusarium udum is one of the most important soil-borne diseases of pigeonpea (Cajanus cajan (L) Millsp.) throughout the world. B. subtilis AF 1 reduces the incidence of wilt disease caused by F. udum [13] . The interaction of the biocontrol agent with the microbial community may provide clues to explain why many organisms suppress disease e¡ectively in the laboratory but fail to do so in the ¢eld. In the process of identifying the mechanism of action of AF 1, the present study is an attempt to look into the possible role of mycolysis in biological control of pigeonpea wilt.
Materials and methods

Microbial cultures
B. subtilis AF 1 was isolated from soils that were non-conducive for pigeonpea wilt, with a broad spectrum of antifungal and plant growth-promoting activity [8] . Pure culture of F. udum was kindly supplied by Dr. M.V. Reddy, Legume Pathologist, ICRISAT, Patancheru, Andhra Pradesh, India.
Media used
Potato dextrose broth (PDB) at pH 7.0 and 5.5 was used to grow B. subtilis, and F. udum, respectively. Yeast extract peptone (YEP) medium with Nacetyl glucosamine or dextrose or F. udum mycelium, 20 g l 3I as the sole source of carbon, at pH 7.0 was also used. Synthetic medium (pH 8.5) containing yeast extract 0.03 g l 3I , magnesium sulfate 0.3 g l 3I , potassium phosphate 1.36 g l 3I , ammonium sulfate 1.0 g l 3I and chitin 5.0 g l 3I , was used for chitinase production by B. subtilis AF 1. Lactophenol cotton blue was prepared with 0.05 g of cotton blue (= trypan blue, HiMedia, India) in 100 ml of solution containing phenol, lactic acid, glycerol and water in the ratio of 1:1:2:1 and stored for routine use.
2.3. Interaction between F. udum and B. subtilis AF 1 F. udum and B. subtilis AF 1 were grown separately in 25 ml of potato dextrose (PD) broth in 250-ml £asks. The culture £asks were incubated on an orbital shaker at 150 rpm at 30³C. An equal volume of exponential-phase (6 h culture period) AF 1 culture was inoculated into cultures of F. udum grown for 0, 12, and 24 h and incubated for 48 h at 30³C with appropriate controls. The experiment was run in triplicate and repeated two times. Microscopic observations were performed using a drop of mixed culture placed on a clean glass slide to which a drop of lactophenol blue was added. Photomicrographs were prepared using a Carl Zeiss photomicroscope. The dry weight of the mixed culture and F. udum grown as control was assessed after ¢ltration through pre-weighed Whatman No. 1 ¢lter paper.
2.4. Growth of B. subtilis AF 1 on the mycelial preparation of F. udum F. udum was grown in PD broth for 18 h at 30³C and the mycelium was harvested. Mycelium was dried in an oven for 24 h at 100³C. In 100 ml of YEP medium supplemented with dextrose or dried mycelium of F. udum or chitin (2%), 1.0 ml of overnight grown culture of B. subtilis AF 1 was inoculated. The £asks were incubated at 30³C for 48 h on an orbital shaker at 150 rpm. Triplicate £asks were inoculated and the experiment was repeated two times.
Preparation of protein extract from culture
¢ltrate of B. subtilis AF 1 B. subtilis AF 1 was grown for 12 h in YEPN medium and cell-free ¢ltrates were obtained after centrifugation at 4350Ug for 10 min at 4³C. Proteins in the culture ¢ltrate were precipitated by slow addition of ammonium sulfate (0^90%) with gentle stirring at 4³C. The protein precipitated was collected by centrifugation at 7700Ug for 30 min at 4³C. The pellet was dissolved in 10 mM sodium acetate bu¡er (pH 4.4). The protein precipitate was dialysed against several changes of 10 mM sodium acetate bu¡er (pH 4.4) under constant stirring at 4³C. The dialysate was centrifuged for 10 min at 1950Ug at 4³C and the supernatant was collected. Protein content of the supernatant was estimated according to the method of Bradford [14] .
E¡ect of extracellular proteins of B. subtilis AF 1 on F. udum growth
The e¡ect of extracellular proteins from AF 1 on growth of F. udum was studied in microtitre plates using an ELISA reader at 405 nm as described by Podile and Prakash [10] . F. udum spore suspension containing 3.5U10 S spores ml 3I was prepared in PD broth. In each well 25 Wl of PD broth-containing F. udum spores was added. Protein precipitate from the culture ¢ltrate of AF 1 at 12.5 Wg and 25.0 Wg concentration was added and the ¢nal volume in each well was made up to 150 Wl with PD broth. The absorbance of the wells loaded with the protein was recorded after a 12-h interval. Control wells had no added protein but received a similar volume of the fungal spore suspension. The experiment was run in triplicate and repeated twice.
2.7. Extracellular chitinase production by B. subtilis AF 1 B. subtilis AF 1 was grown on a synthetic medium containing 0.5% chitin as principal carbon source in 100 ml of medium in 500 ml Erlenmeyer £asks on a rotary shaker at 150 rpm for 20 days at 30³C. At a 48-h interval, cultures were centrifuged at 3000Ug for 10 min at 4³C. The supernatant was passed through 0.20 Wm ¢lters and cell-free ¢ltrate prepared. Before centrifugation, serially diluted cultures were plated on nutrient agar to monitor the cell numbers. The protein content was estimated as described by Bradford [14] . Chitinase assay was done with the cell-free ¢ltrates according to Boller and Mauch [15] , with minor modi¢cations, using colloidal chitin as the substrate in 10 mM sodium phosphate bu¡er pH 7.0. Colloidal chitin was prepared using the procedure of Berger and Reynolds [16] . Speci¢c activity of the enzyme was calculated as Wmol of N-acetyl glucosamine released per hour per mg of protein.
Colony-forming units were converted to their respective log units.
Results
After a 48-h incubation period F. udum cultures which had been co-inoculated with B. subtilis AF 1 showed abnormal features in mycelial morphology. When co-inoculation of AF 1 culture was at time 0, F. udum growth was abnormal, including the development of £occulated mycelium, hyphae with increased vacuolation and the formation of chlamydospore-like structures (Fig. 1B) , as compared to normal growth morphology (Fig. 1A) . Co-inoculation of AF 1 after F. udum had been grown for 12 h resulted in mycelial development with increased vacuolation, and development of chlamydospore- like structures. Co-inoculation did not a¡ect conidiation. Inoculation of a 24-h F. udum culture with B. subtilis AF 1 resulted in no abnormality in the subsequent growth of F. udum mycelium.
E¡ect of AF 1 on biomass production of F. udum
A signi¢cant reduction in the biomass of F. udum resulted following co-inoculation with B. subtilis AF 1 after 0, 12 and 24 h compared to F. udum grown alone (Fig. 2). 3.2. Growth of B. subtilis AF 1 on mycelial preparation of F. udum as sole carbon source
It was observed that B. subtilis AF 1 could grow to the same density in both YEP with 0.5% dextrose and 0.5% F. udum mycelium ( Table 1 ). The growth of AF 1 on chitin medium was low when compared to dextrose and F. udum mycelium.
E¡ect of extracellular proteins of AF 1 on the growth of F. udum
After 12 h incubation at 30³C there was no growth of F. udum with 25 Wg of protein precipitate from B. subtilis AF 1, and after 24 h, the growth inhibition was 80% (Fig. 3) . The trend of growth inhibition could be correlated with the concentration of the extracellular proteins. With the increase in age of the fungal culture there was a decrease in the inhibition.
3.4. Extracellular chitinase production by B. subtilis AF 1 B. subtilis AF 1 produced extracellular chitinase in synthetic medium containing 0.5% chitin as the principal source of carbon. There was a steady increase in the amount of chitinase produced by B. subtilis AF 1, accompanied by the increase in cell numbers, up to day 6 (Fig. 4) . From day 6, the increase in cell number continued up to day 12 while there was a Fig. 3 . E¡ect of extracellular proteins of B. subtilis AF 1 on F. udum growth. The e¡ect of extracellular proteins from B. subtilis AF 1 at 12.5 Wg and 25.0 Wg on F. udum growth was studied in microtitre plates using an ELISA reader at 405 nm. 
Discussion
Seed treatment of pigeonpea with B. subtilis AF 1 reduces the infection of F. udum [13] . B. subtilis AF 1 has been shown to inhibit the growth of plant pathogenic fungi by producing di¡usible antifungal substances [17, 18] . The in vitro interaction between B. subtilis AF 1 and F. udum showed that the mycelium of F. udum was not lysed, while Podile and Prakash [10] reported total lysis of A. niger mycelium in a similar interaction with B. subtilis AF 1. Although the cell wall compositions of A. niger and F. udum are similar [19] , F. udum was resistant to the mycolytic e¡ect of B. subtilis AF 1. Chitin or oven-dried mycelial mat of F. udum (rich in chitin) could be used as a carbon source by B. subtilis AF 1 (Table 1) because of the production of extracellular chitin-hydrolysing enzymes (Fig. 4) . The inability of B. subtilis AF 1 to lyse live F. udum suggests that F. udum could resist cell wall lysis and the details of the mechanism of resistance are being studied.
F. udum formed chlamydospore-like unusual structures when inoculated into the PD broth simultaneously with B. subtilis AF 1. Inhibition of F. udum by the extracellular proteins of B. subtilis AF 1 suggests that the retardation of fungal growth could be due to binding of these extracellular proteins to the growing cell wall chitin. Tolerance to toxins produced by other microorganisms is directly correlated to competitive saprophytic ability (CSA) of soil-borne fungal pathogens [20] . F. udum has a good CSA due to its ability to resist the toxic e¡ects of stale substances [21] . The presence of vacuolated regions in the interacted mycelium of F. udum could be part of the resistance mechanism of the fungus. The increased vacuolation and formation of chlamydospores may help the fungus to face unfavourable conditions of growth. The chlamydospores being thick-walled, they remain viable under unfavourable conditions even when the rest of the mycelium dies. Formation of chlamydospores in F. udum as a consequence of mycoparasitism was attributed to non-availability of nutrients and other physiological and environmental stresses being exerted inside the mycelium [22] . The presence of B. subtilis AF 1 in the nutrient medium could be regarded as an unfavourable condition. When B. subtilis AF 1 was inoculated after 12 and 24 h of F. udum growth, conidia formed regularly indicating that AF 1 was not inhibiting conidiation. Podile and Prakash [10] showed complete inhibition of sporulation in A. niger in the presence of B. subtilis AF 1. Also, there was no subsequent formation of abnormal chlamydospore-like structures in the mycelium of F. udum when B. subtilis AF 1 was inoculated after 24 h of fungal growth.
Reduced growth of F. udum in the presence of extracellular proteins of B. subtilis AF 1, microscopic observations, and dry weight comparisons of interacted F. udum clearly indicate that there is a reduction in growth of F. udum in the in vitro interaction with B. subtilis AF1 and indicate that the fungus may have a mechanism to tolerate the e¡ect of B. subtilis AF 1. The decrease in pigeonpea wilt incidence with seed bacterisation [13] could be due to inhibition of growth brought about by antifungal substances of B. subtilis AF 1 or induced host plant resistance and may not involve the lysis of F. udum. We believe that F. udum resists the action of B. subtilis AF 1 by increased vacuolation and by forming chlamydospore-like structures. B. subtilis AF 1 reduces the growth but not the formation of reproductive structures of F. udum. 
